Plasmodium falciparum, the most virulent agent of human malaria, undergoes both asexual cycling and sexual differentiation inside erythrocytes. As the intraerythrocytic parasite develops it increases in size and alters the permeability of the host cell plasma membrane. An intriguing question is: how is the integrity of the host erythrocyte maintained during the intraerythrocytic cycle? We have used water window cryo X-ray tomography to determine cell morphology and hemoglobin content at different stages of asexual and sexual differentiation. The cryo stabilization preserves native structure permitting accurate analyses of parasite and host cell volumes. Absorption of soft X-rays by protein adheres to Beer-Lambert's law permitting quantitation of the concentration of hemoglobin in the host cell compartment. During asexual development the volume of the parasite reaches about 50% of the uninfected erythrocyte volume but the infected erythrocyte volume remains relatively constant. The total hemoglobin content gradually decreases during the 48 h cycle but its concentration remains constant until early trophozoite stage, decreases by 25%, then remains constant again until just prior to rupture. During early sexual development the gametocyte has a similar morphology to a trophozoite but then undergoes a dramatic shape change. Our cryo X-ray tomography analysis reveals that about 70% of the host cell hemoglobin is taken up and digested during gametocyte development and the parasite eventually occupies about 50% of the uninfected erythrocyte volume. The total volume of the infected erythrocyte remains constant, apart from some reversible shrinkage at stage IV, while the concentration of hemoglobin decreases to about 70% of that in an uninfected erythrocyte.
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Introduction
Malaria affects more than 240 million people annually resulting in about 781,000 deaths (WHO, 2010) . Plasmodium falciparum causes the majority of the deaths and produces the most severe clinical manifestations, with symptoms ranging from uncomplicated fevers to life-threatening cerebral and placental malaria (Miller et al., 2002; Rowe et al., 2009 ). The malaria parasite spends part of its lifecycle inside the red blood cells (RBCs) of its human host. Over a period of 44-48 h it develops through the ring and trophozoite stages, then divides to form an average of 20 daughter cells in the schizont stage (Tilley et al., 2011) .
The intraerythrocytic parasite grows in size from an initial diameter of about 1 lm to a schizont with a diameter of about 6 lm. A question that has intrigued researchers is: how does the parasite prevent swelling and premature lysis of the host RBC? For example, it has been suggested that a 1.7-fold increase in RBC volume would result in host cell lysis (Lew et al., 2003) . Volume control becomes a particular challenge in the early trophozoite stage, when there is a marked increase in the permeability of the RBC membrane to low molecular weight solutes. This is due to the induction of novel permeability pathways (NPP) which are thought to play important roles in the delivery of nutrients and the efflux of waste products (Lew et al., 2003; Nguitragool et al., 2011) . One consequence of the establishment of the NPPs is the dissipation of the Na + and K + gradients across the RBC membrane. This facilitates phosphate uptake (Saliba et al., 2006) , but compromises the normal mechanisms for volume control (Martin and Kirk, 2007) . One mechanism that the parasite uses to control the volume of the host cell is ingestion and degradation of hemoglobin. The intraerythrocytic parasite takes up small packets of the host cell cytoplasm using endocytic structures called cytostomes. It transfers the hemoglobin to an acidic digestive vacuole (Abu Bakar et al., 2010) , where it is degraded by proteases (Goldberg, 2005; Loria et al., 1999) . About 15% of the liberated amino acids are used for protein synthesis and the rest are exported to the extracellular medium (Krugliak et al., 2002) . The hematin that is produced as a by-product of hemoglobin digestion is sequestered into a crystalline form known as hemozoin and is retained within the digestive vacuole (Pagola et al., 2000) .
It has been postulated that hemoglobin digestion and efflux of the amino acids is used to prevent excessive swelling of the host cell (Lew et al., 2003) . Nonetheless, early modelling predicted that the volume of the infected RBC would approach the point of hemolysis and that hemoglobin digestion must exceed parasite growth in order to avoid lysis (Lew et al., 2004; Staines et al., 2001) . By contrast experimental data suggests that any changes in the volume of the infected RBCs are moderate, with a moderate decrease (Zanner et al., 1990) , a moderate increase (Esposito et al., 2010) , and no change (Saliba et al., 1998) reported by different authors. Available estimates of the hemoglobin concentration in the host cell cytoplasm indicate that it decreases, but these measurements have mostly relied on indirect approaches.
After a period of asexual cycling, in response to poorly defined environmental cues, a small proportion of parasites commit to forming gametocytes (Alano, 2007) . This involves a remarkable series of morphological changes as the parasite prepares for sexual reproduction in the mosquito. Early gametocytes are morphologically indistinguishable from early asexual parasites but later stage gametocytes elongate to adopt a characteristic crescent or falciform shape unique to P. falciparum (Alano, 2007; Dixon et al., 2008) . Hemoglobin digestion occurs during gametocyte development with the resultant production of hemozoin (Lang-Unnasch and Murphy, 1998; Sinden, 1982) . Until now, however, there has been no analysis of changes in the concentration of hemoglobin in the host cell compartment during gametocyte development, nor a detailed analysis of the volumes of different compartments. It is thus of interest to determine if similar mechanisms for volume control are employed in the gametocyte stage.
Cryo X-ray tomography has recently been introduced as a high resolution, low artifact technique that can be performed on whole hydrated cells (Larabell and Le Gros, 2004; Le Gros et al., 2005; Parkinson et al., 2008; Uchida et al., 2009 ). The differential absorption of soft X-rays by organic matter and water provides natural contrast and avoids the need for exogenous stains or chromophores. We have recently used cryo X-ray tomography to survey the cellular features of P. falciparum (Hanssen et al., 2011) . In this work we have made use of the fact that X-ray absorbance is directly related to the concentration of absorbing species to undertake a comparative analysis of the concentration of hemoglobin in the host cell at different stages of asexual and sexual development.
Materials and methods
2.1. Parasites P. falciparum was cultured in vitro in RPMI medium supplemented with 4% human serum plus 0.25% AlbuMAX (GIBCO, Invitrogen) as described previously (Jackson et al., 2007) . RBCs and pooled sera were obtained from the Red Cross Blood Service (Melbourne, Australia) or from volunteers (ALS, Berkeley, USA).
Mature stage-infected RBCs were harvested by flotation on a Percoll/sorbitol gradient (Aley et al., 1986) or using a magnetized column (Trang et al., 2004) . Similar morphology of infected RBCs was observed using these different enrichment methods.
Gametocytes were prepared using a modification of a published protocol (Fivelman et al., 2007) . A culture of mainly ring stage parasites (6-8% parasitemia) was treated with 5% sorbitol (Lambros and Vanderberg, 1979) , then separated using a Percoll density gradient (Knight and Sinden, 1982) to enrich the ring stage and remove any gametocytes. The parasites were cultured till they reached 8-10% trophozoites, then sub-divided to 2% trophozoites (5% hematocrit). The culture was maintained for 10 days in the presence of 62.5 mM N-acetyl glucosamine to inhibit merozoite invasion and thus asexual replication (Hadley et al., 1986; Ponnudurai et al., 1986) . Giemsa-stained slides and immunofluorescence microscopy using the gametocyte-specific marker, anti-Pfs16 (Alano et al., 1991; Dixon et al., 2009) , were used to monitor stage progression. The medium was changed daily but no fresh RBCs were added. Gametocytes were enriched at the desired stages of development by magnetic separation.
Protein solutions
A bovine serum albumin (BSA) stock solution (5 mM) was prepared from powdered BSA (Sigma) in PBS. A hemoglobin solution was prepared using a modification of a published protocol (Rabiner et al., 1967) . Briefly an aliquot of packed RBCs was mixed for 10 min with an equal volume of distilled water, then centrifuged at 17,000g for 10 min. The supernatant was filtered through a 0.22 lm filter and the concentration determined spectrophotometrically (Snell and Marini, 1988) .
X-ray tomography
Aliquots of live mixed asexual stage cultures (high parasitemia, mostly early stages) or harvested late stage-infected RBCs, or enriched gametocytes, were loaded into 4-6 lm capillaries using an electrophoresis tip. Capillaries were pre-treated with poly-L-lysine (0.01%; Sigma) and dipped in 100 nm colloidal gold (Sigma) under a constant air flow (Eppendorf Femtojet). The capillaries were rapidly frozen in liquid nitrogen and mounted in a cryogenic gas stream (liquid nitrogen cooled helium gas) (Le Gros et al., 2005) . Projection images were collected using a transmission soft X-ray microscope (XM-2; beamline 2.1.2 at the Advanced Light Source, Lawrence Berkeley National Laboratory, Berkeley, CA). The microscope is equipped with a Fresnel zone plate condenser and objective (with 60 and 50 nm outer zone widths, respectively). Data were collected as described previously (Hanssen et al., 2011) . The IMOD package (Kremer et al., 1996; Mastronarde, 1997) was used to align the individual images. Tomographic reconstructions were calculated using iterative methods (Erdogan and Fessler, 1999; Stayman and Fessler, 2000) . Segmentation models were generated with 3dmod (http://bio3d.colorado.edu/) and Blender (www.blender.org). The parasite and host cells were segmented manually using 3dmod and volumes and surface areas estimated using the IMODinfo routine.
X-ray absorption measurements
Volumes were created in different parts of the host cell cytoplasm or in different regions of the BSA or hemoglobin samples and average pixel values were measured using the sum density routine included in the IMOD package. For calibration of the X-ray absorption, BSA and hemoglobin were serially diluted in water.
Electron microscopy
Infected RBCs were fixed in 2.5% glutaraldehyde in 0.1 M sodium cacodylate, post fixed with 1% osmium tetroxide and 'en-bloc' stained with 1% uranyl acetate. Cells were serially dehydrated and embedded in LRWhite resin. Sections (70 nm) were cut and stained with uranyl acetate and lead citrate and observed at 200 kV on a Tecnai G 2 F30 (Bio21 Institute, Melbourne).
Results

Relationship between the X-ray absorption coefficient and the protein concentration
In order to test the linearity of soft X-ray absorption as a function of protein concentration in the XM-2 transmission X-ray microscope we loaded soluble protein samples into glass capillaries for imaging under cryo-conditions. Cross sections of capillaries containing different dilutions of BSA are presented in Fig. 1A and the absorption coefficients in Fig. 1B . We also extracted cytosol from RBCs and measured the absorption coefficient as a function of the estimated hemoglobin concentration (Fig. 1C) . The slope was used to calculate the hemoglobin concentration in uninfected and infected RBCs.
Morphology of parasitized RBCs
We examined the X-ray absorption profiles of P. falciparum at different stages of development. Infected RBCs were harvested, loaded into capillaries, rapidly frozen and mounted in the microscope chamber. A series of projection images collected during rotation through 180°were aligned to generate a tomogram. Individual virtual sections through the z-plane of the capillaries in regions containing uninfected RBCs and ring, early and late trophozoite and schizont stage-infected RBC are shown in Fig. 2 . The ring stage parasite ( Fig. 2A and E) is cup-shaped with a large invagination (black arrowhead) of the host cytoplasm as illustrated in the rendered model (bottom panel). The early trophozoite maintains an invagination feature ( Fig. 2B and F, black arrowheads) but by mid-trophozoite stage the parasite expands to a more spherical shape and X-ray dense features are evident within the parasite; these are aggregates of hemozoin crystals (Fig. 2B-D , white arrows; Fig. 2F -G, rendered in red). One or two X-ray dense spherical structures are observed close to the crystal-loaded digestive vacuole (Fig. 2C , white arrowhead). These likely represent neutral lipid bodies (Jackson et al., 2004) , though further work is needed to confirm this. Individual merozoites (m) are evident in a schizontinfected RBC ( Fig. 2D and H), each with a pair of X-ray dense apical organelles (Fig. 2H , rendered in green).
In electron tomography of plastic-embedded samples, the harsh fixation and dehydration processes required for sample preparation, as well as the shrinkage of the sample that occurs during imaging, confound any morphometric measurements. By contrast samples imaged by cryo X-ray microscopy do not show any obvious cellular damage during cryo stabilization and there is no evidence for gross shrinkage or photon damage during the imaging process. The tomograms can therefore be used to measure volume and surface area (Fig. 3) . The following parasite volumes were determined: mid ring stage (1.7 ± 0.5 fL (n = 5)), young trophozoite stage (1 nucleus; 9.0 ± 1.5 fL (n = 5)), mid trophozoite (2 nuclei; 18.0 ± 3.5 fL (n = 6)), late trophozoite (4 nuclei; 33.0 ± 6.0 fL (n = 6)), early schizont (8 nuclei; 41.0 ± 4.0 fL (n = 6)), mid schizont (16 nuclei; 35.5 ± 1.5 fL (n = 5)) and late segmented schizont (37.0 ± 1.0 fL (n = 4)).
The data show that the parasite volume expands during the ring and trophozoite stages and then stabilizes once it reaches the 8 nuclei stage (Fig. 3A) . By contrast the infected RBC volume stays relatively constant (Fig. 3B) with respective values of 86.0 ± 16.0 fL (uninfected RBCs, n = 5), 84.5 ± 16.0 fL (ring), 78.5 ± 13.5 fL (young trophozoite), 87.5 ± 19.5 fL (mid trophozoite), 79.0 ± 14.5 fL (late trophozoite), 70.5 ± 10.0 fL (early schizont), 68.0 ± 9.0 fL (late schizont) and 90.0 ± 27.0 fL (segmented schizont).
Hemoglobin concentration in asexual stage-infected RBCs
The absorption coefficients of several small volumes within the host cell cytoplasm of RBCs infected with different parasite stages were determined and averaged. The estimated concentration of the hemoglobin tetramer in uninfected RBCs is 4.9 ± 0.5 mM (Fig. 3C) , which is within the normal clinical range (4.9-5.5 mM (MedlinePlus)). The hemoglobin concentration remains stable until the first nuclear division, even though the parasite increases substantially in size. The estimated concentrations are 4.9 ± 0.5 mM (ring) and 5.4 ± 0.6 mM (early trophozoite). After this point the concentration decreases sharply and remains lower: 3.5 ± 0.3 mM (mid trophozoite); 3.9 ± 0.5 mM (late trophozoite); 4.1 ± 0.6 mM (early schizont); 3.8 ± 0.2 mM (mid schizont). There is a further decrease to 2.7 ± 0.2 mM in the segmented schizont.
While the hemoglobin concentration exhibits two stable phases separated by a sharp transition, the total amount of hemoglobin per cell decreases slowly during the ring stage and then more sharply during the trophozoite stages (1-4 nuclei) (Fig. 3D) . The estimated values are 28.5 ± 4.5 pg (uninfected RBCs), 27.5 ± 4.0 pg (ring), 25.0 ± 1.5 pg (early trophozoite), 16.0 ± 2.5 pg (mid trophozoite), 12.5 ± 4.0 pg (late trophozoite), 8.5 ± 3.0 pg (early schizont), 8.5 ± 2.0 pg (mid schizont) and 9.5 ± 4.5 pg (segmented schizont). Digestion appears to be completed by the 8 nuclei schizont stage with no further decrease in the total quantity of hemoglobin in the cell. Fig.3 . Analysis of morphometric parameters for asexual stage parasites at different stages of development. The tomograms were segmented manually and the models used to estimate the volumes of the parasites (A) and the infected RBCs (B). The absorption coefficient (see Fig. 1 ) was applied to determine the hemoglobin concentration in the RBC cytoplasm (C). The total amount of hemoglobin (D) was calculated from the known volume and concentration. The asterisks indicate measurement that are significantly different (P < 0.05) from the value for the previous stage.
Gametocyte morphology
While asexual stage parasites have been extensively studied, the morphology and volume control of gametocytes is much less investigated. We generated gametocytes using established protocols and followed them for a period of 7-10 days. We were able to obtain multiple datasets for gametocytes at stages II-V (Fig. 4) . Stage II is the first stage that can be morphologically distinguished from the asexual trophozoite stage. At this stage the parasite remains roughly spherical with a similar-shaped nucleus ( Fig. 4A and B) . The shape is similar to that of an asexual trophozoite, however, it has only one nucleus while an asexual parasite of the same size (30.5 ± 9.5 fL, see Fig. 5A ) would have four nuclei. Moreover in some discrete regions around the parasite cryo X-ray microscopy reveals a thickening of the parasite pellicle at this stage (Fig. 4L) , which is not present in a trophozoite-infected RBC (Fig. 4K ). This likely corresponds to the tri-laminar membrane structure and underlying microtubules known as the sub-pellicular membrane complex (Sinden and Smalley, 1979) . The presence of multiple crystals of hemozoin provides evidence that substantive hemoglobin digestion has already taken place.
By stage III of gametocyte development ( Fig. 4C and D) one edge of the parasite has straightened and extended as the parasite starts to adopt a ''hat-shape'' morphology. Additional features are observed in the parasite cytoplasm. As well as the X-ray dense hemozoin crystals, we observed X-ray lucent vacuoles (v), and structures of medium X-ray absorption per unit volume (white arrowhead), that likely represent the mitochondrion, which is readily identified by electron microscopy (Fig. 4M) . The X-ray-dense spherical structures (likely neutral lipid bodies) that are observed in asexual stages do not appear to form in the sexual stage. By this stage the host cell is reduced to a thin layer around the parasite and a flattened extension, referred to as the Laveran's bib (asterisk).
Stage IV gametocytes have undergone further elongation, with straightening along the other edge of the cell and evidence of the sub-pellicular membrane complex around the entire perimeter of the cell. There is a particular thickening of the sub-pellicular membrane complex density at the extremities of the cell (Fig. 4E and F) . Again low density vacuoles, the mitochondrion and hemozoin crystals are readily observed. At this stage osmophillic bodies (Sinden et al., 1978) begin to be distinguishable.
In stage V gametocytes the ends of the parasite become more rounded, the osmophillic bodies more pronounced, and the low density vacuoles enlarged ( Fig. 4G-J; Supplementary Movie 1) . In female gametocytes, including the cell depicted in Fig. 4G and H, the hemozoin crystals coalesce in one or two main regions near the centre of the cell. In the less numerous male gametocytes the hemozoin crystals are more dispersed (Fig. 4I and J) .
The volume of the parasite remains roughly constant from stage III to stage IV (Fig. 5A ) although there appears to be a transient decrease in volume at stage IV. Similarly the volume of the infected RBC remains similar to that of an uninfected RBC (Fig. 5B) , again apart from a transient decrease in stage IV. The surface area of the sexual stage-infected RBC is constant throughout (data not shown). The volumes for stage II, III, IV and V parasites are: 30.5 ± 9.5 fL (n = 6), 37.0 ± 6.0 fL (n = 5), 28.5 ± 2.5 fL (n = 4), Gametocytes undergo dramatic shape changes during their maturation with a major elongation in one axis from stage II to IV and a relaxation in stage V, while the diameter decreases from stage II to IV, then increases in stage V (Fig. 5C) . The lengths and diameters are respectively 4.3 ± 0.5/3.6 ± 0.6 lm, 7.4 ± 1.7/ 3.3 ± 0.3 lm, 11.0 ± 1.2/2.6 ± 0.1 lm, 8.7 ± 0.9/3.0 ± 0.4 lm.
Hemoglobin concentration in the host RBC during gametocytogenesis
The concentration of hemoglobin in the host RBC decreases gradually during differentiation from stage II to stage V (Fig. 6A) with respective values of 5.0 ± 0.5 mM (uninfected RBCs, n = 8), 4.3 ± 0.6 mM (stage II), 3.9 ± 0.5 mM (stage III), 4.0 ± 0.7 (stage IV) and 3.5 ± 0.8 mM (stage V). By contrast the total amount of hemoglobin (Fig. 6B) in the stage II gametocyte (14.0 ± 2.0 pg) is much less than that for uninfected RBCs (28.5 ± 4.5 pg) and similar to that of a mid to late asexual trophozoite (Fig. 3C) . The quantity decreases slightly in stage III (9.5 ± 2.5 pg) and stage IV (8.0 ± 4.0), then remains stable in stage V (7.5 ± 2.5 pg) suggesting that digestion is completed by stage IV. This is supported by the fact that the volume of hemozoin crystals remains roughly constant in the later stages of development (Fig. 6C) .
Discussion
X-ray microscopy can provide details of the internal structure of thick (10 lm), hydrated, unstained sections or whole cells (Gu et al., 2007; Le Gros et al., 2005; Uchida et al., 2009 ). The cryocapability that has been implemented in the XM-2 microscope helps limits X-ray damage during imaging and we observed no evidence for gross shrinkage or disruption of the sample during data collection. The tomographic capability of XM-2 and its improved optics allow a major enhancement of image quality with correspondingly higher information content.
The ''water window'' is the region of the X-ray spectrum between the K shell absorption edges of carbon (4.4 nm) and oxygen (2.3 nm). X-rays in this region are absorbed approximately ten times more strongly by carbon-and nitrogen-containing material than by water. The absorption adheres to the Beer-Lambert's law and is therefore linear with thickness and concentration. Unhydrated carbon-rich materials (e.g. lipids) show a particularly high absorption. Thus the absorption profile can provide quantitative information about the concentration and likely composition of different cellular compartments.
In this work we have performed a cryo X-ray microscopy analysis of both asexual and sexual stage intraerythrocytic parasites. Using the contrast mechanism provided by this modality the parasite and host cell surfaces are readily observed and the parasite Fig. 6 . Analysis of hemoglobin concentration and hemozoin volume at different stages of gametocyte development. The absorption coefficient (see Fig. 1 ) was applied to determine the hemoglobin concentration in the RBC cytoplasm (A). The total amount of hemoglobin (B) was calculated from the volume and concentration. (C) The volumes of the hemozoin crystals during gametogenesis were estimated by analysis of rendered models using IMODinfo. The asterisks indicate measurements that are significantly different (P < 0.05) from the value for the previous stage.
nuclei can be distinguished from the cytoplasm. The iron-dense hemozoin is strongly X-ray absorbing and the rod-like nature of these structures is apparent. Neutral lipid bodies adjacent to the digestive vacuole are apparent in the trophozoite stage, and in the final stages of asexual development lipid-rich secretory organelles at the apical ends of daughter merozoites within the segmenting schizont are readily observed.
In the developing gametocyte, the parasite elongates by elaborating a sub-pellicular complex underneath the parasite membrane. This complex is not present in the trophozoite stage and comprises a double-membraned lamellar structure underpinned by a layer of microtubules (Sinden and Smalley, 1979) . The extension of the sub-pellicular complex drives parasite elongation giving the gametocyte its characteristic falciform shape (Bannister et al., 2000) . In the final stage of development, the ends become more rounded as the microtubule network is disassembled (Sinden et al., 1978) .
Hemozoin crystals are readily observed in gametocytes showing that hemoglobin digestion takes place in the intraerythrocytic sexual stages as reported previously (Lang-Unnasch and Murphy, 1998; Sinden, 1982) . In some late stage gametocytes the crystals are highly dispersed while in others they are more clumped. This is consistent with previous ultrastructural studies showing that in mature male gametocytes, hemozoin is contained within multiple compartments, while mature female gametocytes have a central condensation of hemozoin crystals (Sinden, 1982) .
The average volume of an uninfected RBC was found to be 86 fL, in reasonable agreement with previous reports (88 fL (Lew et al., 1995) ; 93 fL (Park et al., 2008) ; 90-93 fL (Waugh et al., 1992) ). We found that while the asexual parasite gradually increases in volume, the host RBC volume is concomitantly decreased so that the total volume is kept constant until early schizogony; it then decreases briefly before expanding again.
An important factor in volume control in asexual stage-infected RBCs is the appearance of the NPP in early trophozoite stages. The NPP provides both direct and indirect paths for the uptake of nutrients but leads to logistical problems with volume control (Martin and Kirk, 2007; Saliba et al., 2006) . Early modeling suggested that the altered Na + and K + levels in the host cell cytoplasm would cause an increase in the volume of the infected RBC as the parasite matures (Staines et al., 2001) . It was suggested this would substantively compromise the osmotic stability of the host cell in the last few hours before rupture (Staines et al., 2001 ). This contrasts with measurements based on water content which indicate little change (Saliba et al., 1998) or even a decrease (Zanner et al., 1990) in the volume of the infected RBC during parasite development, and a recent analysis based on fluorescence confocal microscopy of calcein-loaded RBCs which suggested a moderate increase (1.17-fold) in volume in the trophozoite stage which is reversed in the schizont stage (Esposito et al., 2010) . Our cryo X-ray microscopy analyses support the suggestion that the volume changes are moderate, with evidence for a small decrease in the volume of infected RBCs at the 8-16 nuclei stage.
The very moderate changes in infected RBC volume suggest that the increase in parasite volume is coupled to consumption of the host cell contents. Cryo X-ray microscopy permits an analysis of the concentration of carbon-based components in different compartments. This provides a direct means of measuring the amount and concentration of hemoglobin (assuming that hemoglobin is the main component present in the RBC cytoplasm) in RBCs infected with either asexual or sexual stage parasites. The hemoglobin tetramer concentration in uninfected RBCs was found to be 5 mM, in good agreement with estimates from other methods (5.6 mM (Esposito et al., 2008) , 4.8-5.4 mM (Hellerstein et al., 1970) , 4.8 mM (Park et al., 2008) ). Previous studies using a range of biophysical techniques have indicated a decrease in hemoglobin concentration in the infected RBC cytoplasm, as the asexual parasite develops to the schizont stage (Esposito et al., 2008; Mauritz et al., 2011; Park et al., 2008) . Our cryo X-ray microscopy analysis for schizont-infected RBCs gives a value of 2.7 mM, which is within the range reported using other methods, 3.7 mM (Esposito et al., 2008) , 2.9 mM (Park et al., 2008) , and 1.9-2.9 mmoles/ 10 13 cells (Krugliak et al., 2002) . Thus our data support the suggestion that the maintenance of RBC volume could be achieved by excess digestion of hemoglobin and efflux of the amino acids via the NPP (Lew et al., 2003) . Indeed our cryo-X-ray microscopy data permit a detailed analysis of the hemoglobin content at different stages. The concentration exhibits a biphasic pattern, remaining constant during the ring stage, then transitioning to a lower value as the parasite commences nuclear division. This corresponds to the point (24 h after invasion) when the rate of hemoglobin digestion increases (Abu Bakar et al., 2010 ). The hemoglobin concentration is then sustained at a constant level during the period of the most intense hemoglobin digestion, i.e. the trophozoite and early schizont stages. The data indicate that the consumption of hemoglobin by the asexual parasite (which begins in the mid ring stage (Abu Bakar et al., 2010) ) matches the expansion of the parasite up until the transition from the ring stage to the trophozoite stage. Thereafter hemoglobin digestion exceeds parasite growth while the infected RBC volume is maintained. As a result the hemoglobin concentration drops. In the final segmenter stage the hemoglobin concentration drops again perhaps due to a further increase in RBC permeability.
Changes in cellular organization during gametocyte development have not been studied extensively. The gametocyte undergoes a remarkable extension with a change in the length to width ratio from 1:1 (stage II), 2:1 (stage III), 4:1 (stage IV) to 3:1 (stage V). Interestingly there is little change in the calculated mean volume of the maturing gametocyte despite the change in shape. It remains constant apart from a transient decrease in both parasite and total infected RBC volume at stage IV. At this point the parasite is fully extended, which deforms the host cell, and decreases the overall volume.
About 50% of the host hemoglobin is digested by the time the gametocyte is readily distinguished (stage II/III) and digestion appears to be completed by stage IV. This is consistent with reports that late stage gametocytes are much less sensitive to chloroquine and artemisinin Smalley, 1977) . As for asexual stages hemoglobin digestion appears to exceed parasite growth. The concentration of hemoglobin is lower in stage III gametocytes compared with uninfected RBCs. It remains constant in stage IV, despite further digestion, due to a small decrease in the infected RBC volume. At stage V the dissipation of the microtubules network gives rise to a relaxation of the parasite and the RBC morphology leading to the recovery of the RBC volume and a decrease of the hemoglobin concentration. Volume control mechanisms have not been studied in the gametocyte stage but it appears likely that, as for the asexual stages, consumption of excess hemoglobin, and dispersal of the resultant amino acids, helps prevent osmotic swelling and stabilizes the circulating gametocyte.
Conclusion
We have shown that hemoglobin digestion and parasite growth are tightly coordinated in both asexual and sexual stage P. falciparum thus permitting an increase in parasite volume without causing premature host cell lysis. This work illustrates the usefulness of soft X-ray tomography as a tool for addressing important biological problems.
